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Polycrystalline sample of lead-free 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 ceramic has been
synthesized by solid state reaction method. Single-phase perovskite structure with rhombohedral
symmetry was confirmed by x-ray diffraction. Temperature dependent dielectric permittivity
studies demonstrated frequency independent behavior, indicating that the studied sample was not a
typical relaxor ferroelectric. A polymorphic phase transition between rhombohedral and tetragonal
phase was noticed near room temperature followed by a tetragonal to cubic transition with 97 C as
the temperature of maximum permittivity. The macroscopic values of d33 and d31 were 350 pC/N
and 141 pm/V, whereas the electromechanical coupling factors kp and kt were 44.5% and 41.6%,
respectively. Bulk P-E hysteresis loop was obtained with saturation polarization 11lC/cm2 and
coercive field 4 kV/cm. Distinct polarization contrast with a complex mosaic-like domain
structure was observed in the out-of-plane mode of piezoresponse force microscopy. The domain
width and the correlation length were estimated to be nearly 2lm and 827 nm, respectively.
Local hysteresis loop with apparent coercive voltage, Vc¼ 15.8 V, was observed. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808338]
I. INTRODUCTION
So far, lead zirconate titanates (PZT) were the most
widely used piezoelectric materials due to their excellent pie-
zoelectric properties in the vicinity of the morphotropic phase
boundary (MPB) between rhombohedral and tetragonal
phases.1 However, with the recent growing demands for the
environmental protection from elements like lead (Pb), there
is worldwide focus on the search of lead-free materials with
electromechanical properties comparable to PZT.2–5 In this
regard, several lead-free systems have emerged out including
(Na0.5K0.5)NbO3 (NKN), ZnO, (Bi0.5Na0.5)TiO3 (BNT), and
BaTiO3 (BT) based compositions.
2,6–10 Although the piezo-
electric coefficient values of NKN and BNT systems have
been improved using site engineering,11–13 sintering aid14 or
a new synthesis technique;2 their main drawbacks include the
presence of highly volatile elements like Bi, Na, and K. This
results in poor densification that leads to degradation in the
physical properties. Moreover, the hygroscopic nature of
these systems further hinders their applications. As far as BT
is concerned, astonishingly high d33 values of 350 460 pC/N
have been reported in ceramics prepared by microwave
sintering, ordinary sintering, and two-step sintering
processes.15–17 Additionally, BT does not possess any vola-
tile elements and its properties can be easily tailored by site
engineering. The solid solution of BT and barium zirconate
(BaZrO3), Ba(ZryTi1 y)O3 (BZT) was considered as an im-
portant material for the fabrication of ceramic capacitors
because Zr4þ is chemically more stable than Ti4þ.18,19 The
related system (Ba1 xCax)(ZryTi1 y)O3 (BCZT) ceramics
was reported to exhibit dielectric constant values as high as
18 000.20 Recently, Liu and Ren optimized the BZT-xBCT
composition to a triple point and observed a very high d33
value620 pC/N.21 BZT-xBCT shows a phase diagram simi-
lar to the Pb-based systems, with a MPB starting from a triple
point of a paraelectric cubic phase, ferroelectric rhombohe-
dral and tetragonal phases.22 This triple point is shown to be a
tricritical point, and thus the system exhibits very high piezo-
electric performance. This finding led to a surge of worldwide
investigation on BT-based ceramics possessing a good poten-
tial of replacing lead-containing PZT materials. For example,
Xue et al. determined a full set of elastic, dielectric, and pie-
zoelectric constants for the 50BZT-50BCT ceramic by using
a resonance method and measured the temperature depend-
ence of electrical properties.23 Gao et al. studied the micro-
structure evolution around its MPB by transmission electron
microscopy (TEM).24 Su et al. investigated the poling de-
pendence and stability of the electrical properties of 50BZT-
50BCT ceramics.25 Zeng et al. reported the fabrication of
BCT-BZT single crystal.26 Piorra et al. investigated electrical
properties of 50BZT-50BCT thin films deposited by pulsed
laser deposition technique.27 Yao et al. reported high pyro-
electricity (5.84 10 4 C m 2 K 1 at room temperature) in
this system.28 Damjanovic et al. reported Raman spectra and
temperature induced anomalies in dielectric and elastic coef-
ficients of BCZT.29 Li et al. reported the dielectric properties
of BCT-BZT as a function of Ca-doping.30 Wang et al. syn-
thesized BCT-BZT nanoparticles with size ranging from 30
to 60 nm by sol-gel method at relatively low temperature
(650 C).31 Puli et al. demonstrated high dielectric break-
down and excellent energy storage capacity in the BCT-BZT
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ceramics.32 Li et al. examined temperature stability of the
piezoelectric properties of yttrium doped BCT-BZT sys-
tem.33 Similarly, effect of sintering aids and site substitution,
especially on the piezoelectric properties, have been carried
out in the parent BCZT system recently. Thus, based on the
available literature, one can conclude that BCZT system is
better than other existing lead-free compositions and its pie-
zoelectric properties are comparable to PZT. Further, it was
noticed that only few reports exist in literature about the local
piezoelectric properties measurement on BZT ceramics;34,35
however, to the best of our knowledge, such studies have not
been performed so far on the BCZT system by piezoresponse
force microscopy (PFM) mode of scanning probe microscopy
(SPM) technique. Therefore, the present study focuses on the
PFM studies alongwith other bulk properties including mor-
phological, dielectric, ferroelectric, and piezoelectric proper-
ties of the BCZT system.
II. EXPERIMENTAL
The 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 [BCZT]
ceramic was prepared by conventional solid-state reaction
technique in which stoichiometric ratios of BaCO3 (99.9%),
CaCO3 (99%), TiO2 (99%), and ZrO2(99%) were mixed.
Calcination was performed at 1200 C for 6 h. The calcined
powder was then pressed into pellets (using polyvinyl alcohol
as a binder) and sintered at 1450 C for 2 h in air. Phase for-
mation was confirmed by x-ray diffractometer (XRD, Phillips
X’pert). The microstructure was obtained using Scanning
Electron Microscope (SEM) Hitachi S4100 at 25 kV. For
electrical characterization, silver paste was painted on both
circular surfaces of the sample and cured at 600 C for
30min. The dielectric constant and loss tangent as a function
of temperature and frequency were measured using a HP
4284A precision LCR meter. Polarization-electric field hys-
teresis loops were obtained by current integration. Voltage
sine waves were applied (0.1Hz) by the combination of a
synthesizer/function generator (HP 3325B) and a high
voltage amplifier (TREK model 10/40), and charge was
measured with a homebuilt charge to voltage converter. Bulk
piezoelectric charge coefficient, d33 was measured on poled
samples by a Berlincourt piezometer (Channel products, Inc.,
Chesterland, OH). The samples were poled at 80 C in silicon
oil bath by applying a DC electric field of 4.2 kV/mm for
20min, and field-cooled to room temperature. The transverse
piezoelectric coefficient and coupling factors were acquired
using complex analysis of piezoelectric radial resonances of
the discs by an automatic iterative method. Local piezoelec-
tric properties of the sample were investigated with PFM
(simultaneously acquired with topography) using NT-MDT
commercial setup equipped with a lock-in amplifier (SR-
830A, Stanford Research) and a function generator (FG-120,
Yokagawa). Platinum coated silicon cantilever (force con-
stant 42N/m and resonance frequency 204 497 kHz) was
used for this study. PFM images were obtained by applying
ac voltage (5V, peak-to-peak) with frequency of 50 kHz
between the grounded tip and the bottom electrode.
Switching spectroscopy PFM (SS-PFM) in the so-called
pulse mode was used to obtain local hysteresis curves that
consists of applying dc voltages, Vdc, for a short time (0.5 s).
PFM signal (proportional to the d33) was measured between
the increasing voltage pulses (period 2 s) with steps of
0.1V. AC voltage (10V peak-to-peak) and frequency of
50 kHz were used for loop acquisition.
III. RESULTS AND DISCUSSION
Figure 1 presents the XRD pattern of the sintered BCZT
ceramic. The sample exhibits perovskite structure with no
trace of impurity, suggesting that Ca and Zr diffuse into the
BaTiO3 lattice to form a homogeneous solid solution. A single
peak at 2h¼ 45 alongwith the splitting of the 66 diffraction
peak into (220)/(202) indicates the perovskite structure to be
rhombohedral (inset of Fig. 1). Figure 2(a) shows the scanning
electron micrograph of the as-sintered ceramic sample. Well
connected grains separated by grain boundaries can be noticed.
The grains are of varying size with average size 25lm,
which is much larger than the average grain size (3 5lm) of
other known lead-free compositions like (Bi,Na)TiO3 and
(K,Na)NbO3. Energy Dispersive Spectrometry (EDAX) mea-
surement (Figure 2(b)) shows all the elemental peaks of BCZT
sample.
Figure 3(a) shows the temperature dependent dielectric
permittivity of BCZT sample at various frequencies ranging
from 100Hz to 1MHz. The dielectric permittivity value
2600 at room temperature is consistent with earlier
reports.28,30,33 It is also observed that the permittivity exhib-
its a frequency independent behavior, indicating that the
studied sample is not a typical relaxor ferroelectric.
Moreover, a polymorphic phase transition (PPT) between
rhombohedral and tetragonal phase takes place near room
temperature (indicated by an arrow) followed by a tetragonal
to cubic transition with 97 C as the temperature of maxi-
mum permittivity (Tm). The Tm is higher than many previ-
ously reported data12 but lower than in Refs. 2 and 30.
Additionally, it is observed that the higher temperature phase
transition region is broad, with full width of half maximum
(FWHM) extending to about 40 C, suggesting a diffused
FIG. 1. X ray diffraction pattern of BCZT ceramic sample. The inset is
enlarged view of the diffraction peak at 66.
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phase transition (DPT) in this material. The dielectric disper-











where em is the dielectric constant maximum at Tm while c
and C are constants. Two quantitative parameters of relative
broadness (or diffuseness) in the dielectric spectra are the
diffuseness exponent (c) and the degree of diffuseness (d).
The diffuseness exponent can vary from 1, for a normal fer-
roelectric, to 2 for an ideal relaxor ferroelectric. The loga-







¼ c lnðT  TmÞ þ lnC: (2)
Inset of Figure 3(a) shows the linear graph between ln (1/e
 1/em) and ln (T-Tm). A low c 1.59 alongwith the degree of
relaxation parameter DTm (¼ Tm(1kHz) Tm(1MHz)) value equal
to zero suggests that the studied material is nonrelaxor. The pa-
rameter d which is related with permittivity as follows:37
C ¼ 2emdc (3)
possesses a value 11 C. The frequency independent broad-
ened dielectric maximum and its deviation from Curie-Weiss
law are the main characteristics of a DPT in the studied mate-
rial. Similar observation has also been reported in
BaTi1 xSnxO3 with x< 15% assigned to the nonrelaxor DPT-
ferroelectric characteristics.38,39 The broadness or diffusive-
ness in such materials occurs mainly due to the compositional
fluctuation and/or structural disordering in the arrangement
of cation(s) in one or more crystallographic sites causing a
microscopic heterogeneity in the compound with different
local Curie points. Besides compositional fluctuation, me-
chanical stress in the grain (generally introduced in the lattice
during post sintering cooling, wherein a transition from cubic
to tetragonal phase occurs below Tm) also plays a role in dif-
fuseness of the permittivity near Tm.
40 In the studied compo-
sition, Ba2þ (1.35 A˚) and Ca2þ (0.99 A˚) ions enter the A site
of the ABO3 perovskite structure, whereas Zr
4þ (0.98 A˚) and
Ti4þ (0.72 A˚) ions occupy the B site. Krishna et al. have
reported the probability of Ca2þ ion occupying the Ti4þ site
in the BaTiO3 lattice leading to a compositional disorder.
41
Also, it has been reported that at higher Zr contents (>0.08),
BCZT ceramic shows a broadened permittivity behavior near
FIG. 2. (a) SEM micrograph and (b) EDAX pattern of BCZT sample.
FIG. 3. (a) Dielectric constant and (b) tangent loss as a function of
measuring temperature and frequency of BCZT sample. Inset in (a) shows
the fitting with Eq. (2).
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Tm, caused by compositional fluctuation. The effect of inter-
nal stresses in the present case is negligible because of the
larger grain size.
Figure 3(b) shows the tangent loss as a function of tem-
perature at various frequency values. There are two peaks
observed in the loss versus temperature (tan d-T) graph. The
anomaly near room temperature depicts the PPT between
rhombohedral and tetragonal phase (prominently visible in
this case as compared to er-T curve). The loss at higher tem-
peratures shows a frequency dependent dispersion and its
higher value indicates space charge polarization and associ-
ated ionic conductivity. Nevertheless, the maximum value of
the dielectric loss remains <0.32.
Figure 4 displays polarization versus electric field
(P-E) loops of the BCZT sample acquired at room temper-
ature in the electric field ranging from 0.4 to 2.4 kV/cm.
The material exhibits classical ferroelectric-like loops. The
remnant polarization (Pr) and coercive field (Ec) values are
8 lC/cm2 and 4 kV/cm, respectively, which match well
with the published data. Such a low coercive field implies
that the BCZT ceramic is “soft” with respect to the electric
field. Further, the piezoelectric coefficients d33 and d31 are
350 pC/N and 141 pm/V while the electromechanical
coupling factors kp and kt are 44.5% and 41.6%, respec-
tively. These values are comparable with the reported data
on this material.42
Domain structures of the ceramics have been studied by
PFM. Domain imaging of ferroelectric materials by PFM tech-
nique is advantageous over other conventional methods due to
the ultrahigh resolution (down to a few nanometers) and the
capability of local poling through the PFM-tip bias. Figure
5(a) shows the surface topography of the polished BCZT sam-
ple having an average root mean square roughness 2.83 nm.
The representative out-of-plane-polarization (OPP) PFM am-
plitude and phase images are shown in Figures 5(b) and 5(c),
respectively. The PFM image was taken on an area¼ 10  10
lm2, lying well within a single grain and is characterized by
domain-like polar structure having distinct contrast between
bright and dark areas indicating significant out-of-plane com-
ponent of polarization. At the same time, a large fraction of
grey regions (exhibiting weak piezosignal) were observed cor-
responding to domains with the polarization vector at an angle
to the surface.43 A complex mosaiclike domain structure is
revealed with domain width approximately 2lm as deter-
mined from the cross profile across line AB in piezoresponse
image (Fig. 5(d)). The autocorrelation function has also been
used for the estimation of average domain size. Figure 5(e)





Dðx; yÞ  Dðxþ r1; yþ r2Þ; (4)
where D(x, y) is the phase signal at a point in the PFM image
and D(x þ r1, y þ r2) is the signal at a point translated by
(r1, r2). The peak in Figure 5(e) corresponds to the average
size of the areas with uniform polarization direction. The
behavior of the average auto-correlation function is shown in
Figure 5(f), fitted with the formula44
CðRÞaeð ðR=RCÞÞ2h ; (5)
where R is the radius, RC is the correlation length, and h is a
parameter (0 < h < 1). The best fit yields values of the corre-
lation length RC¼ 827 nm with the exponent value h¼ 0.84.
The average domain size is approximately twice the correla-
tion length.
In the present case, the domain morphology does not
possess a preferred crystallographic orientation. This is typi-
cal of polycrystalline ferroelectric ceramics wherein the do-
main structure is far more complicated than single crystals,
owing to the distribution of permittivity and polarization
axes, the elastic and dielectric boundary conditions of the
grains, and the internal properties of grain boundaries.45
Moreover, since the sample in the present study possesses
rhombohedral structure at room temperature, eight different
values of the vertical piezoresponse signal is expected for
arbitrarily oriented grains.38 This accounts for the complex-
ity of the contrast distribution in the obtained image render-
ing it difficult to relate these directions to definite
crystallographic axes. The large domain size alongwith the
absence of labyrinth-type domain pattern indicates the non-
existence of relaxor characteristics, corroborating the bulk
dielectric studies. In order to quantify the piezoresponse con-
trast, piezohistogram, which represents statistical distribution
of the measured piezoelectric signal by a number of pixels
corresponding to a certain signal level, was studied (Fig.
5(g)). The maximum in piezo-distribution corresponds to the
most probable domain configurations and its width reflects
the number of available domain states. The curve can be
deconvoluted into two peaks lying on either side of the zero
piezoresponse with the measured response centered at
51.7mV for “negative” and at þ55.6mV for “positive”
domains. Tip-induced poling (8V dc voltage) inside a
well-defined area of 6 6lm2 results in the formation of
localized domain with well-saturated polarization as shown
in Figure 5(h). The cross-section of the piezoresponse (inset
of Fig. 5(h)) along line AB indicates that polarization is uni-
form inside the poled region.
FIG. 4. Macroscopic polarization versus electric field hysteresis loop.
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To compare the bulk and the surface behavior, switch-
able piezoelectric hysteresis loop was studied by PFM as
well. In case of local hysteresis loop, switching occurs in the
strongly inhomogeneous electric field below the tip inside
individual or a few neighboring domains.46 This is in con-
trast to acquiring macroscopic loop with a collective effect
of domain nucleation and domain wall motion occurring in
an ensemble of grains. Typical local piezoloop measured at
room temperature on a fixed location in the center of the
BCZT grain is shown in Figure 5(i) which exhibits a tilted
loop. The measurements were done in a dc voltage range
80VVdc 80V that correspond to a very high local
electric field concentrated under the tip. The slope of the pie-
zoresponse near the coercive field was about 4.6. The esti-
mated values of critical voltage, Vcr, (defined as the voltage
necessary to nucleate a new domain where the piezoresponse
value starts to change abruptly) and the apparent coercive
voltage, Vc, from the local hysteresis loop, were found to be
5.33 and 15.8V, respectively. It can be noticed that the
coercive voltage for the local piezoelectric effect (Vc) is
much lower than that required for the macroscopic hysteresis
loop. Further, the local piezoloop is not well saturated which
is an indication of incomplete and unstable switched state
within the time scale of loop acquisition or can be attributed
to an increased electrostatic contribution at high bias.
Moreover, the switching is quite symmetric without any
imprint behavior as there is no difference between positive
and negative coercive voltages.
IV. CONCLUSIONS
0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 lead free ce-
ramic sample has been synthesized following solid state reac-
tion route with 1450 C as the sintering temperature. The
sample possesses single phase rhombohedral structure at
room temperature. The bulk d33 value of the poled sample is
350 pC/N with high electromechanical coupling factors kp
(44.5%) and kt (41.6%). The Curie temperature of the sample
FIG. 5. (a) Topography; (b) OPP PFM amplitude; (c) OPP PFM phase; (d) cross profile along AB in b; (e) 3D auto correlation image of the PFM phase data
(scale is arbitrary along the vertical axis); (f) Distance dependence of the auto correlation function hC(r)i averaged over all directions corresponding to the 3D
auto correlation image in e. Red line represents the best fit; (g) histogram OPP image; (h) square pattern writing (inset is the cross section piezoresponse across
line AB); and (i) local piezo hysteresis loop of the BCZT sample.
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as determined from the dielectric versus temperature behav-
ior is 97 C. Ferroelectric P-E hysteresis loop was obtained
with remnant polarization 8 lC/cm2 and coercive field
4 kV/cm. Further, piezoresponse mode of the scanning probe
microscopy technique was utilized to investigate the local
piezoelectric properties. Distinct polarization contrast was
observed in out-of-plane mode. A complex mosaiclike do-
main structure was revealed with domain width 2 lm and
correlation length 827 nm. Local hysteresis loop with appa-
rent coercive voltage, Vc, was found to be 15.8V.
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